In this paper, scale-adaptive simulation is used to study store tra- 
Introduction
Weapon bays enhance the stealth of modern military aircraft. However, when exposed to the air flow during store delivery, those cavities generate strong acoustic fields. Their noise comprises broadband and tonal noise, called Rossiter modes [1] , produced by a complex interaction between the shear layer and the aft bay wall [2, 3] .
The acoustic field around an ideal cavity is well studied as documented in Lawson and Barakos [4] . For weapon bays, their unsteady flow affects the loads on the released stores, and leads to trajectory variability. To guarantee safe store separation from weapon bays, the statistics of the trajectories have to be known. Although effective, flight tests [5] are expensive, and limited at critical conditions [6] . On the other hand, weapon bay flows can be simulated with CFD using Detached Eddy Simulation (DES), or Large Eddy Simulation (LES) [7] . As shown by Babu et al. [8] Scale-Adaptive Simulations (SAS) [9] can reduce the simulation time almost by an order of magnitude, and resolve well the cavity flow. This means that practical calculations of store releases, and statistical analyses of their trajectory variability are now possible.
CFD studies of store releases are rare, and few use a time accurate approach [10, 11, 12, 13] , coupling CFD with a 6DoF method to compute the models trajectory. Kim et al. [14] computed releases using k − ω SST and DES from an ideal cavity at Mach 0.95. Four drops at different time instances showed trajectory variability due to changes in the store loads. The same drops repeated with steady blowing at the leading lip of the cavity appeared to reduce the variability. Nevertheless, studying store release variability is challenging, and more work is needed to explain the relationship between the fluctuations in the store loads and the obtained trajectories.
In view of the above, this paper presents the first statistical study on trajectory variability using coupled computations employing high fidelity CFD and Six Degree of Freedom model of the store. This work treats the store release problem in a statistical way analysing several trajectories. The paper suggests a statistical metric to decide the number of trajectories needed to quantify variability. In addition, analysis of the results using filtering, reveals the origin of trajectory variability and its relationship with the inertial properties of the store.
CFD Methodology

CFD Solver
The Helicopter Multi-Block (HMB3) [15] code is used in the present work.
The solver is described in references [8, 16, 17, 18] and has been extensively validated for cavity flows. DES is by far the most common way to account of the effect of the turbulence of cavity flows. Nevertheless, DES is still expensive especially when several computations of store releases are necessary. In order to investigate trajectory variability, promising results with SAS method [9] encouraged Babu et al. [8] to use this approach for weapon bay flows. Their results suggest that SAS captures the essential physics of the weapon bay, and at the same time, provides a significant reduction of CPU time by almost an order of magnitude. For this reason SAS is also used in the present work. Only the 6DoF method used for store trajectory is shown here.
6DoF Method
The store motion during release was described using six rigid-body degrees of freedom (three body position coordinates and three body attitudes) and was strongly coupled with HMB3. This approach assumes that store release computations use the chimera method, so that a store has its own grid. The store motion is described using earth and store reference systems. The earth system uses the North East Down (NED) convention where, X is positive north, Y is positive east and perpendicular to X axis, and Z is positive towards the earth centre. The store system X b , Y b , Z b is right-handed and coincident with the earth system at carriage, with respect to the roll, pitch and yaw axes. The store translation is described using the earth system, and the store rotations using Euler angles and the store system. The computed position and orientation are applied at every instance in time to the store grid. Force and moment coefficients acting on the store, as obtained from
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HMB3, are applied into the translational and rotational equations of motion [19] of a store in body axes:
Longitudinal Acceleration:
Lateral Acceleration:
Vertical Acceleration:
Roll Acceleration: dp dt
Pitch Acceleration:
Yaw Acceleration:
In the above, m s is the mass of the store and q s is the free-stream dynamic pressure. u, v and w are the velocity components of the store. p, q and r are the roll, pitch and yaw rates, respectively, of the store. The equations for the angular velocities [19] in terms of the Euler angles are then:
The translational components are calculated in the earth axis system and the angular components are calculated using the Euler angles. The integration of the equations of motion are done with the Runge-Kutta method of order 4 (RK4). Figure 1 presents the employed frame of reference and the adopted conventions.
Solution Monitoring
In this work, the time is expressed in terms of cavity travel time, which is the time it takes for a flow particle moving at U ∞ to run the cavity length L.
The aerodynamic moments on the complete store (body and fins included)
were computed about the store centre of mass. The force (C f orce ) and moment coefficients (C moment ) are computed using:
where F and M are forces and moments, d ref is the store diameter, and 
3 Validation of the CFD Method
The CFD method has been validated for the M219 cavity flow [20] , and results can be found in reference [17] . Nevertheless, validation for store release separation is given here.
The following section presents validation of the 6DoF method in HMB3
for the widely used wind tunnel test conducted at the AEDC [21] . Several studies have utilised this test case, using structured [22, 23, 24, 25] , unstructured [26, 27, 28, 29, 30, 31] and meshless solvers [32] , to validate the prediction of the store trajectory, making it a popular validation case. The test provided pressure data for a geometrically simple wing and store under mutual interference as well as a realistic trajectory. AEDCs 4-Foot Transonic Aerodynamic Wind Tunnel (4T) was used for the test together with its captive trajectory support system to simulate the motion of the store and the Mach number was 0.95.
Model Geometry and Release Conditions
The computational model was based on the wind tunnel geometry as reported 
Decoupled Analysis
Prior to running a fully coupled trajectory computation in HMB3, a decoupled approach was taken to compare the wind tunnel trajectory to that obtained from the 6DoF method in HMB3. Force and moment coefficients from the wind tunnel data were used as input. In this way the 6DoF method is tested without the expense of computing the flow at every instance in time. yaw angle. The initial part of the trajectory, controlled by the ejector forces compared closely to wind tunnel data, however, after about 0.3s the pitch and yaw rate started to drift away from wind tunnel data. This behaviour over time, especially in pitch rate and attitude, was also reported in previous studies [22, 28, 29] .
Store Loads and Trajectory
Computations were run at a Mach number of 0.95 and Reynolds number of WT: Wind tunnel.
Initially, there was a slight underprediction of the rolling moment and overprediction of the pitching and yawing moment coefficients. The initial overprediction in the pitching moment coefficient did not affect the initial part of the trajectory in terms of gravity center location or pitch attitude as the ejector and gravity forces dominated the aerodynamic forces and moments in that direction.
The effect of the ejectors is seen clearly in the pitch rate that grows positively for the initial 0.5 seconds of the release. Once the ejector stroke ended, the aerodynamic pitching moment on the store began to reduce. The pitch and yaw curves showed a slight divergence from the wind tunnel data after about 0.3 seconds of the release. This divergence over time was not only observed in the original study by Fox [21] , but in other studies [22, 28, 29] as well.
Geometric and Computational Model for Trajectory Variability
The computations were carried using HMB3 and the Scale-Adaptive Simulation with a timestep equal to 1% of the cavity length travel time (0.12ms).
The cavity mesh was composed of 30.5 million cells, and the store mesh of 4.2 million cells. The free-stream Mach number was 0.85 and the Reynolds number based on the cavity length (Re L ) was 6.5 million (Figure 6 ). The cavity had a length to depth ratio of 7, and was 3.59m long, and 1.03m wide.
The store is 90% of the cavity length with four fins in a cross configuration.
The non dimensional moments of inertia I/(m s .L The store release included three phases. At carriage (Z/D=-0.5), the store was fixed while the flow was allowed to develop. Then, during the stroke phase, the store was pushed towards the cavity opening. During this phase, a vertical velocity of 5m/s was imposed on the store, with other degrees of freedom set to zero. This phase ended when the stroke length was reached. The full stroke was half a cavity depth (0.257m). In addition, a half stroke was also used (0.129m). Amongst other possible criteria, statistical convergence is tested here using the maximum of the normalised difference between the average of n+1, and n trajectories:
with µ(t, n) the average of n trajectories, where t covers the complete time secutive averages is less than 5%. As can be seen in figure 15 , the averages substantially fluctuate with less than 10 drops due to the flow variability. For example, the roll angle may even change sign for two consecutive releases.
The number of releases to converge the statistics depends on the order of the trajectories. To minimise this effect, ∆ µ is computed for 100.000 random trajectory permutations. For each permutation, the number of releases required to converge the statistics is computed, and figure 9 summarises the number of permutations. On average, the statistics converge with 12.6 releases, and after 17 releases, the average is always converged. Consequently, this average is seen as converged for this case, and the results can now be used to compute a mean flow and assess its effects on the trajectory. Figure 10 shows the forces driving the trajectories. The curves appear to be very noisy. The largest variability is seen for the roll angle that is sensitive to the high flow frequencies, due to the roll inertia being two orders of magnitude smaller than the inertia in pitch and yaw.
Mean Flow
Taking all the trajectories with full and half stroke, an averaged trajectory was constructed, considering all times of the simulations from stroke initiation until a common point in time corresponding to the shortest of the The C p distribution averaged over all releases is also shown at the mid-span plane of the cavity (Figures 12c to 12f ). The averaged results are shown Inside the cavity (Figure 12c ), a small pressure gradient between the upper and bottom surfaces of the store, explains the small averaged loads at this position, and the small differences between full and half stroke releases.
When the store crosses the bay opening (Figure 12d) , it is at the interface between the cavity and the free-stream conditions, leading to a strong average pressure gradient at its mid length. A further contribution to the aerodynamic normal force is due to the impact of the shear layer on the store nose.
Nevertheless, the effects of the ejector push and gravity dominate. Away from the cavity, at the peak of pitching moment (Figure 12e ), there is a large increase of the pressure at the aft cavity wall, leading to an increase of the vertical force on the fins, and to the peak of pitching moment. The freestream impacting on the pitched store nose, also contributes to the larger pitching moment at this position. Going further away (Figure 12f ), the pressure gradients due to the cavity flow decrease, and the loads at the store nose and the fins dominate.
Using equation 11, the flow momentum is shown in figure 13 averaged over all releases at the previous store positions, inside the cavity, at shear layer, at the peak of pitching moment, and far from the cavity. As the store travels towards the far-field, the shear layer is deflected into the cavity by the store, more than for the clean cavity flow. This results in a pressure peak at the aft wall, leading to the peak of pitching moment. Away from the cavity, the store effect reduces, and the shear layer becomes characteristic of a clean cavity flow. Figure 13 : Flow momentum at the cavity mid-span.
Filtered Loads
The store forces are decomposed in pressure and viscous contributions for release HS2600 ( Figure 14) . All trajectory components are driven by the pressure forces, and only the drag force (C x ) noticeably depends on viscosity. Figure   15 shows pitch moment, and store pitch angle from the trajectory HS2600.
The filtering dramatically reduces the spectral content of the moment signal.
However, the filtered pitch angle matches perfectly the original signal. the averaged release, and show the largest excursions from it.
The store loads fluctuate under the action of three main pressure contributions. First, the tonal fluctuations caused by standing waves oscillations (typical in cavity flows), lead to variability regarding the time of release [34] .
In addition, the turbulence also increases the variability in time, mainly for the roll angle. Finally, the store/shear layer interaction differs depending on the store trajectory history and the instantaneous flowfield. This interaction, and the associated trajectory variability, can be captured only if the loads are fully coupled with the flowfield, which means that coupled CFD/6DoF
calculations are needed.
Conclusions
Scale-Adaptive Simulations of store release from weapon bays show that it is possible to numerically estimate store trajectory variability. A statistical metric was proposed to identify the minimum number of simulations necessary for capturing the mean and standard deviation of the trajectories. For the store at hand, twelve trajectories were necessary mainly due to variability in roll associated with the low roll inertia. Using the averaged flow data, the trajectory phases were identified and the role of the pressure field inside the cavity was clarified. Then, filtering of the simulation results, revealed that only the roll angle was driven by the finest fluctuations in the flowfield while the vertical displacement of the store was driven by the ejection velocity and gravity. This is reinforced by the relatively low pitch angle of the store during the release, leading to a reduced effect of the aerodynamic lift generated.
The present results suggest that the proposed method is efficient and can be used for initial investigations of store clearance before flight testing.
